Aligned amino acid sequences of three functionally independent samples of transmembrane (TM) transport proteins have been analyzed. The concept of TM-kernel is proposed as the most probable transmembrane region of a sequence. The average amino acid composition of TM-kernels differs from the published amino acid composition of transmembrane segments. TM-kernels contain more alanines, glycines, and less polar, charged, and aromatic residues in contrast to non-TM-proteins. There are also differences between TM-kernels of bacterial and eukaryotic proteins. We have constructed amino acid substitution matrices for bacterial TM-kernels, named the BATMAS (BActerial Transmembrane MAtrix of Substitutions) series. In TM-kernels, polar and charged residues, as well as proline and tyrosine, are highly conserved, whereas there are more substitutions within the group of hydrophobic residues, in contrast to non-TM-proteins that have fewer, relatively more conserved, hydrophobic residues. These results demonstrate that alignment of transmembrane proteins should be based on at least two amino acid substitution matrices, one for loops (e.g., the BLOSUM series) and one for TM-segments (the BATMAS series), and the choice of the TM-matrix should be different for eukaryotic and bacterial proteins. Proteins 2003; 51:85-95.
INTRODUCTION
The growth of databases describing various characteristics of proteins, such as amino acid sequence, spatial structure, function, functional domains, etc., allows one to describe new proteins, at least at the first approximation, comparing the sequences under analysis to already known ones. Most comparative techniques involve alignment of amino acid sequences that, in turn, depends on amino acid substitution matrices. Thus, it is crucial to develop adequate substitution matrices for different functional regions of proteins.
The best known and the most commonly used substitution matrices are the BLOSUM and PAM series, obtained by statistical analysis of large samples of amino acid sequences. 1, 2 It becomes increasingly clear that in order to align proteins with non-standard physical and chemical characteristics and amino acid composition, specific matrices are required. Among such proteins is the group of transmembrane (TM) hydrophobic proteins. The idea that transmembrane proteins should be aligned using two different matrices at the same time, one for hydrophobic membrane segments and the other for hydrophilic loops, was repeatedly discussed. TM-specific scoring matrices derived using PHDhtm, an algorithm predicting TMsegments in multiple alignment by neural networks, were published in Ng et al. 3 and Muller et al. 4 A substitution matrix for highly homologous TM-proteins based on SwissProt annotations was constructed, 5 and then the Dayhoff mutation model was applied to derive matrices for comparison of more distant proteins. In all these studies, bacterial and eukaryotic proteins were combined into a single sample. As it will be shown below, statistical properties of bacterial and eukaryotic TM-segments differ and thus the transmembrane proteins of eubacterial and eukariotic origin should be considered separately.
The main problem arising during construction of substitution or score matrices for transmembrane proteins is the fact that in most cases it is not known what part of a protein actually resides within the membrane. The reason is that transmembrane proteins crystallize poorly, and thus only a few such proteins have known spatial structures determined by the X-ray analysis. 6, 7 Different methods for prediction of transmembrane segments yield contradictory results when applied to the same sequence; for a typical example see Figure 1 .
At the same time, a large number of known transmembrane proteins allows one to apply the comparative analysis for verification of predicted TM-segments using various criteria of consistency. A somewhat similar approach was used to predict TM-segments by consensus methods. 8, 9 We use two criteria: agreement between five different TM-segment prediction algorithms, and then consistency of predictions for homologous proteins. The filtered aligned TM-segments are used to construct a specific amino acid substitution matrix. Matrices were constructed for three independent representative sets: eubacterial secondary transporters (class TC.2A by the Saier-Paulsen classification 10 -12 ), eubacterial ABC-transporters (TC.3A.1), and eukaryotic secondary transporters (TC.2A). Initially, all bacterial members of class TC.2A from the literature 10 -12 and web-sites (http://www-biology.ucsd. edu/ϳmsaier/transport/, http://www.biology.ucsd.edu/ ϳipaulsen/transport/) were collected. The size of the main sample was 1,312 sequences from 101 families of bacterial proteins.
Four of these families are members of the MFSsuperfamily (438 sequences), five families are members of the APC-superfamily (103 sequences), and four families belong to the RND-superfamily (114 sequences). The CPA3 and NFE families include complex multicomponent transport systems consisting of more than two polypeptide chains and were not considered.
Then, each sequence from the basic sample was used as a seed for BLAST 13 homology search in eubacterial genomes in the ERGO system 14 (http://ergo.integratedgenomics.com/ ERGO/). Only genomes satisfying the criterion of sufficient completeness were considered: the genome had to encode more than 500 genes in at most ten contigs. 
Clustering and Alignment
The sample was divided into clusters using the nearest neighbor procedure with the percent identity of the BLAST alignment serving as the measure of closeness. A series of clusters was constructed with the lower value of threshold (MIN_IDENT) set to 30, 40,…, 80%. When the size of a cluster exceeded 50 proteins, a cluster was divided into several clusters by raising the lower threshold of clustering. That happened four times for MIN_IDENT ϭ 30%, once for MIN_IDENT ϭ 40%, and never for MIN_ IDENT Ն 50%. Clusters with MIN_IDENT ϭ 30% generally coincided with the families of bacterial transporters according to the Saier-Paulsen classification. 10 -12 At that, very large families were broken into 2 or 3 clusters, and 235 sequences were not included in any cluster. Characteristics of the clusters are shown in Table I . Then each cluster was aligned using CLUSTALW. 15 Correctness of alignments with low identity percentage is discussed below in Results and Discussion.
Determining the Transmembrane Kernels
We define transmembrane kernels (TM-kernels) as parts of the sequences consistently predicted to be transmembrane segments. Two conditions were used: agreement of several prediction algorithms and consistency of predictions for homologous proteins (see Fig. 2 ).
• A position in an amino acid sequence is tentatively transmembrane (TM-residue) if this position is predicted to belong to a TM-segment by at least three servers out of five: TMHMM 16 (http://www.cbs.dtu. dk/services/TMHMM-2.0/), TMPRED (http://www. ch.embnet.org/software/TMPRED_form.html), DAS 17 (http://www.sbc.su.se/ϳmiklos/DAS/maindas.html), TMAP 18 (http://www.mbb.ki.se/tmap/), PSORT 19 (http:// psort.nibb.ac.jp/form.html). Web variants of these programs with default settings were used. TM-runs of each sequence were defined as groups of adjacent TMresidues of the sequence. TM-kernels in a cluster were defined as groups of adjacent columns in the multiple alignment if each column contained at least 60% of TM-residues. TM-kernels in a protein were defined as groups of positions that belong to the TM-kernel of the cluster. Kernels with gaps were allowed in order to retain data in cases when a large part of some protein in alignment is missing. Gaps within kernels are rare. In particular, for clusters with MIN_IDENT ϭ 30% the number of kernel positions corresponding to gaps does not exceed 1.4%. For clusters with MIN_IDENT Ն 40%, positions with gaps constitute less than 0.7% of all kernel positions. Thus, the constructed alignments are consistent and likely phylogenetically adequate.
Construction of the BATMAS Matrices
In each cluster, all pairs of sequences with identity from MIN_IDENT through MIN_IDENTϩ10% were considered. The alignment of the pair induced by the cluster alignment and the TM-kernels for this cluster were used to compute the number of matching amino acid pairs. Then each element of the substitution matrix was divided by the sum of all matrix elements. Thus the count matrix was converted to the frequency matrix normalized to 1. Thus, we obtained a series of matrices for different values of MIN_IDENT, named BATMAS30, BATMAS40 …BATMAS80. As shown in Table I , BATMAS30 was constructed using more then 1,250,000 amino acid pairs. In order to construct the BLOSUM62 matrix, approximately the same number of amino acid pairs were used. 1 The number of amino acid pairs used in Jones et al. 5 and Ng et al. 3 to construct TM-matrices is not given in the original publications.
The Control Sets
In order to verify the robustness of the obtained results, we also considered two control sets. The first set was represented by eubacterial ABC-transporters. It was constructed using 116 eubacterial ABC transporters listed at the Saier web site expanded as described in Methods. The final sample of ABC transporters consisted of 760 proteins.
The second control set was represented by eukaryotic secondary transporters. Initially, this set consisted of eukaryotic proteins of class TC.2A listed on the same web-site, except for the ones annotated as the proteins of intracellular membranes (mitochondrial, lysosomal, chloroplast envelope, etc). Then eukaryotic proteins from SwissProt (release 40.0) were used to expand the initial set using the procedure described in Methods.
Construction of Dendrograms
In order to determine the functional role of amino acids, we constructed dendrograms reflecting behavior of amino acids in TM-kernels. The iterative procedure was as follows:
• for all pairs of amino acids i,j compute
where f ij is the substitution frequency (taken from the BATMAS matrices), d i is the amino acid probability,
• merge amino acids i,j corresponding to the maximum value l ij into a group and then treat this group as a degenerate amino acid; • recompute the substitution frequencies and the amino acid probabilities.
RESULTS AND DISCUSSION TM-Segments and TM-Kernels in the Main Sample
The frequency distribution of lengths of TM-segments predicted by different servers and of TM-kernels is shown in Figure 3 . The average length of a TM-kernel is 18 amino acids. That is shorter than the average length of a TMsegment (20 -21 amino acids).
Most TM-kernels are central parts of TM-segments. However, very short (1-4 amino acids) and very long TM-kernels exist. A short TM-kernel arises when a position is alternatively ascribed to two adjacent TM-segments by different servers in different proteins. A long kernel arises when different servers disagree about the location of a short loop between two long TM-segments in related proteins. The contribution of extra-short and extra-long TM-kernels to the matrices is negligibly small (in the case of BATMAS30 the TM-kernels of 1-4 amino acids account for 0.58% and TM-kernels longer than 35 amino acids account for 0.67% of all positions).
Amino Acid Composition of TM-Kernels From the Main Sample
The average amino acid composition of proteins, of the TM-segments according to Jones et al. 5 and Ng et al., 3 and of the TM-kernels is given in Table II . As expected, the fraction of hydrophobic amino acids in both TM-kernels and TM-segments is markedly higher than in proteins in general.
However, the amino acid composition of the TM-kernels clearly differs from that of TM-segments. Indeed, the TM-kernels contain less polar and charged residues than the predicted TM-segments. Thus, the content of D, E, H, K, R, N, and Q totals 5% in the TM-kernels, but is 12-13% in the TM-segments. Interestingly, the content of negatively charged (D, E) and positively charged (R, K) residues almost coincides in the TM-kernels, whereas in the TM- segments, the fraction of R and K equals twice the fraction of D and E. 5 The relative content of hydrophobic residues in the TM-kernels and the TM-segments also differs markedly. The TM-kernels contain less W. This agrees with the observation that W is usually located at the ends of transmembrane ␣-helices. 20 The same, but to a lesser degree, holds for Y. The most important feature of the TM-kernels is the high content of A and G.
TABLE II. Amino Acid Composition of Different Matrices (in %)
The differences between the amino acid content of the TM-kernels and the TM-segments can be illustrated as follows:
where amino acids are ordered by propensity to the TM-kernels (P tm-k ) or the TM-segments (P tm-s ) (see Table II) .
The same observations hold also for the control set of eubacterial ABC-transporters. The only considerable difference is the decreased frequency of F, M, and the increased frequency of V.
On the other hand, the amino acid composition of the TM-kernels of eukaryotic transporters differs from the amino acid composition of the TM-kernels of bacterial transporters from both samples. As shown in Table II , the eukaryotic TM-kernels contain considerably more C, F, N, W, and Y, and less A and L, than the bacterial ones. Interestingly, the amino acid composition of the transmembrane proteins given in Jones et al. 5 and Ng et al. 3 is close to the amino acid composition of the eukaryotic transporters (see Fig. 4 ). Thus, it looks reasonable to use different TM-matrices for alignment of bacterial and eukaryotic proteins.
Consistency of the BATMAS Series
The evolution of amino acid substitution probabilities in time can be described by Evolutionary Markov Processes (EMP) [21] . Such processes satisfy a number of realistic assumptions.
Let X(t) be an amino acid observed at time t, and let the probability of observing amino acid (i) be i not depending on time t. Then the probability of transition of the amino acid (i) at the time T into the amino acid (j) at the time Tϩt is p ij (t) depending only on the time difference t. Thus, the transition matrix p ij (t 1 ) corresponding to the time t 1 has to be taken to the power t 2 / t 1 in order to obtain the transition matrix p ij (t 2 ) corresponding to the time t 2 . The total of elements in every row of any p ij (t) equals 1. The substitution matrix m ij (t) can be derived by multiplying every row of p ij (t) by i . Vice versa, p ij (t) can be derived by normalizing every row of m ij (t) to 1. This allows one to change the evolutionary time of EMP represented by some given substitution matrix. Here the PAM (Point Accepted Mutations) value was considered as a measure of evolutionary time, so that 1 PAM corresponds to the transition time t ϭ 1.
In this evolutionary model, the substitution matrix has the following property. If the evolutionary time tends to infinity, then the matrix tends to the substitution matrix in which the probability of substitution of amino acid (i) by amino acid (j) equals i ⅐ j . Thus a simple way to check the consistency of a substitution matrix is to tend the evolutionary time to infinity and to compare the matrix with the random substitution matrix generated by the observed amino acid frequencies. For every matrix of the BATMAS and BLOSUM series, the difference between the random matrix and the infinity time matrix does not exceed 10
Ϫ8
in each cell, the only exclusion being BATMAS80. Now consider a series of substitution matrices m ij (k) . If these matrices are substitution matrices of a common EMP, each matrix m ij (k) corresponds to some evolutionary time t k , and m ij (k) ϭ m ij (t k ). Thus, each matrix m ij (k) can be Fig. 4 . Dendrogram of the amino acid composition of all proteins, TM-segments, and TM-kernels. The tree reflects the matrix of pairwise distances between the vectors of the amino acid frequencies (in %) in the Euclid metric. The UPGMA method was used as implemented in the PHYLIP package. 22 derived from any other matrix m ij (n) in the series by changing the evolutionary time t n to t k .
A pair of elements occupying the same cell in two matrices can be described by a point in a plane. If the matrices are equal, these points will lie on the diagonal between points (0,0) and (1,1). We use the standard deviation of points from this line as a measure of matrix similarity. This is done separately for the diagonal and subdiagonal elements. Each pair of matrices was considered.
The described evolutionary model assumes conservation of the amino acid frequencies. As can be seen from Figure  5 , the BATMAS matrices satisfy this criterion. Further, Table IIIa presents the results of matching of all pairs of matrices. The error for both the diagonal and subdiagonal elements does not exceed the respective values for the BLOSUM series at analogous transformations of evolutionary time (Table IIIb) . Thus, the BATMAS series agrees well with the evolutionary model. The same holds for the matrices constructed for both control sets (data not shown). The relatively worse values observed for BATMAS70 and BATMAS80 can be explained by insufficient data and the lower strength of the comparative analysis at small evolutionary distances.
Comparison of Matrices
To compare different matrices, we calculated the correlation coefficient between subdiagonal elements of normalized matrices using the procedure of Tudos et al. 23 Elements of substitution matrices were normalized by substitution frequency expected from amino acid distribution (that is, the product of frequencies of two amino acids). Matrix RReM proposed in Tudos et al. 23 using a variety of physical and chemical characteristics of amino acid residues, and used in Cserzo et al. 24 for alignment of transmembrane proteins, is not normalized. The values of matrix PAM250 were converted to the antilogarithm. Correlation coefficients are shown in Table IV . Not surprisingly, the two maximum correlations coefficients are between two transmembrane matrices (BATMAS30 and PHDHTM95) and between three "general" evolutionary matrices (PAM250, BLOSUM62, Dayhoff), with matrix RReM being an outlier, but still closer to the general matrices.
Properties of BATMAS30
The frequencies of amino acid substitutions in the TM-kernels of proteins with 30 -40% identity (matrix BATMAS30) are shown in Table V . This matrix markedly differs from both the standard BLOSUM62 matrix and the matrix for TM-segments described in Jones et al. 5 The comparison between BATMAS30 and BLOSUM62 is meaningful, because the traces of these matrices are approx- Table VI illustrates the differences between BATMAS30 and BLOSUM62. The matrix elements were normalized by the average amino acid distribution of the matrices (see Table VI footnote). The main differences of BATMAS30 from BLOSUM62 are an increase in conservation of the charged residues (D, E, K, R, H) and some polar residues (N, Q, P), and a decrease in conservation of hydrophobic residues, namely L, I, F, W, and V. In BATMAS30, W frequently matches to polar residues, namely R, K, and H. The same characteristics are typical for the TM-segments as a whole. 5 Unfortunately, the format of the data in Jones et al. 5 does not allow one to compare the matrices quantitatively. However, even qualitative comparison between our conclusions and the conclusions of Jones et al. 5 demonstrates considerable differences. In particular, according to Jones et al., 5 L is the most conserved hydrophobic residue. However, the comparison between BATMAS30 and BLOSUM62 results in the opposite conclusion. If we order 
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the amino acids by decrease of the comparative conservation (see footnote to Table VI), it becomes clear that P and Y are more conserved in TM-kernels than in average proteins, but L is less conserved (PϾYϾϾMϾAϾWϷVՆIϷLϷF).
Thus, the degree of conservation of L is comparable to that of hydrophobic residues I, V, and F. In addition, in Jones et al., 5 R and K often mutate in TM-segments (as compared to average proteins), unlike the superconserved N. It is shown in Table VI that N is more conserved in TM-kernels compared to average proteins, but to a lesser degree compared to R and K.
Some characteristics of TM-kernels have not been observed for TM-segments in Jones et al. 5 For example, as compared to the proteins in general, represented by BLOSUM62, W in TM-kernels is often replaced by not only positively charged residues, but also by D, Q, and P. High relative conservation of Y in TM-kernels also was not described in Jones et al. 5 for TM-segments. A similar matrix (for protein pairs with 30 -40% identity) was constructed for the sample of eubacterial ABCtransporters. All the above observations hold for this 
matrix as well (data not shown). However, this matrix is less diagonal than the main one (the trace equals 0.29 compared to 0.35 for the main BATMAS30 matrix). This might be caused by variations in the evolutionary rate in TM-segments and loops in these two groups of proteins.
Functional Similarity of Amino Acids in TM-Kernels
Construction of dendrograms as described above is a convenient way to analyze similarity between amino acids from the evolutionary point of view. Two amino acids (i) and (j) are considered to be similar if the frequency of the substitution (i-j) exceeds the frequency of random matching of this pair expected given the amino acid frequencies.
The dendrograms were constructed for BATMAS30 (TMkernels) and BLOSUM62 (all proteins) matrices (Fig. 6) . One can see that the topologies of these dendrograms are different. It can be readily seen that in all proteins H clusters with aromatic amino acids, whereas in TMkernels, it is closer to the group of positively charged or polar amino acids. Negatively charged D and E form one group in the TM-kernel dendrogram in contrast to the BLOSUM62 matrix where D is in the "aspartic" group with N and E is in the "glutamic" group with Q. C clusters with hydrophobic residues in BLOSUM62, but it is closer to small residues in BATMAS30. The dendrogram of BATMAS30 differs also from the dendrogram constructed in Jones et al. 5 where, in particular, C is closer to F, and F does not cluster with two other aromatic residues, Y and W.
CONCLUSIONS
The main difficulty in generating amino acid substitutions for transmembrane segments is the scarcity of experimental data. We have overcome it by application of comparative genomic analysis and several consistency checks. The derived BATMAS series of matrices, constructed by analysis of bacterial secondary transporters, is evolutionarily consistent and thus correspond to sequential snapshots of the evolutionary process.
The BATMAS matrices are similar to matrices constructed for transmembrane components of bacterial ABC transporters, but differ from eukaryotic transporter matrices. This could be explained by the fact that the fine structure of the outer membrane of eukaryotes and prokaryotes is different. In particular, the bacterial membranes never contain polyunsaturated fatty acids and do not normally contain sterols.
Even more drastic are the differences between the transmembrane matrices, including the published ones, and the general evolutionary series, BLOSUM and PAM. This is even less surprising, as the cytozolic environment of most proteins and the lipid membrane environment of transporters are very different. However, the RReM matrix, constructed based on physical and chemical properties, and used for alignment of transmembrane proteins, differs from both general and transmembrane matrices.
The BATMAS series of matrices have been constructed using a sample of bacterial transport proteins, Although Boldface: diagonal elements.
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we have performed extensive testing of consistency of these series and compared them to other published matrices, we have not analyzed other classes of bacterial transmembrane proteins (outer transporters, respiration chain proteins, receptors, etc.). Although this has been caused mainly by technical problems (lack of well-curated data), we believe that the results of this study are not only interesting from the theoretical point of view, as they tell something new about evolution of transport systems, but also they can be used in practice, in particular, to align the transmembrane segments of bacterial transporters, to orient them rotationally relative to the membrane, and to study their specific properties, e.g., the functionality of residues involved in recognition of transported compounds. ) , where f ij is the frequency of matching pairs (i,j), p i is the frequency of the amino acid (i). a ii is the conservation of the amino acid (i) for the matrix (a ij ), which is the diagonal element. The values b ij are defined similarly. c ij measures the similarity of the substitution patterns of two matrices, BATMAS30 and BLOSUM62. Boxed: diagonal elements. 
